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Motor inhibitory control (IC), the ability to suppress unwanted actions, has been
previously shown to rely on domain-general IC processes that are involved in a wide
range of IC tasks. Nevertheless, the existence of effector-specific regions and activation
patterns that would differentiate manual vs. oculomotor response inhibition remains
unknown. In this study, we investigated the brain dynamics supporting these two
response effectors with the same IC task paradigm. We examined the behavioral
performance and electrophysiological activity in a group of healthy young people
(n = 25) with a Go/NoGo task using the index finger for the manual modality and
the eyes for the oculomotor modality. By computing topographic analysis of variance,
we found significant differences between topographies of scalp recorded potentials of
the two response effectors between 250 and 325 ms post-stimulus onset. The source
estimations localized this effect within the left precuneus, a part of the superior parietal
lobule, showing stronger activity in the oculomotor modality than in the manual modality.
Behaviorally, we found a significant positive correlation in response time between the two
modalities. Our collective results revealed that while domain-general IC processes would
be engaged across different response effectors in the same IC task, effector-specific
activation patterns exist. In this case, the stronger activation of the left precuneus likely
accounts for the increased demand for visual attentional processes in the oculomotor
Go/NoGo task.
Keywords: inhibitory control, electroencephalogram, topographic analysis of variance, source
localization, precuneus
INTRODUCTION
Inhibitory control (IC), the ability to suppress ongoing actions or to ignore distracting or irrelevant
stimuli, is a key executive function enabling goal-directed behavior (Spierer et al., 2013; Aron et al.,
2014; Hartmann et al., 2019). Neurophysiologically, previous literature has postulated the existence
of domain-general IC mechanisms that support all inhibitory tasks (Spierer et al., 2013). It has also
been advanced that depending on the task’s demands (Dillon and Pizzagalli, 2007; Simonet et al.,
2019) or the response modality (Leung and Cai, 2007), more specific IC processes can be engaged.
The idea of a ‘‘global suppressive network’’ that would partly brake or stop motor
activity and cognition was well-documented by Wessel and Aron (2017). The authors argued
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that global stopping mechanisms supported by a hyperdirect,
fronto-basal-ganglia pathway are engaged when action errors
or unexpected events occurred. The existence of a global ‘‘non-
selective brake’’ that would suppress actions or at least delay
motor responses was also proposed by Coxon et al. (2006,
2009) when investigating unimanual vs. bimanual selective
inhibition (Coxon et al., 2007) and selective vs. non-selective
inhibition (Coxon et al., 2009). In the same vein, Sallard et al.
(2014) used a Go/NoGo task with global vs. selective inhibition
stimuli and concluded that, while there exist global mechanisms
underlying global and selective inhibition, both types of
inhibition also relied on different neural engagement at an early
processing stage.
If IC relies on global mechanisms, the literature suggests
that the modulations induced by the regular practice of an IC
task-sharing similar or close components with another cognitive
task could lead to transfer to non-trained tasks (Verbruggen et al.,
2012; Maraver et al., 2016). Maraver et al. (2016), for instance,
compared the effectiveness of six working memory or IC training
sessions by assessing the near and far transfer effects to various
closely related cognitive tasks, including the Stroop task, the
N-back task, the Stop-signal task, and the Operation Span
task, among others. Overall, their results support the executive
function ‘‘Unity and Diversity’’ model developed byMiyake et al.
(2000) which shows that training a particular executive function
(diversity) can lead to near and far transfer effects (unity) to
untrained tasks. Specific to IC, they found a transfer effect to
a close stop-signal task and far control strategy and abstract
reasoning tasks following inhibition training. Recently, Simonet
et al. (2019) investigated whether practicing a complex Go/NoGo
task involving perceptual and task-set control components in
addition to motor inhibition would lead to functional changes
in IC areas and transfer effects to untrained tasks. Despite
modulations within domain-general IC areas, the authors found
no transfer effects, which suggests that different facets or
subcomponents of IC rely on specific regions within this domain-
general IC network (Dillon and Pizzagalli, 2007). While different
IC tasks have been investigated to clarify the organization of
this network and its subcomponents (Dillon and Pizzagalli,
2007; Spierer et al., 2013; Liu et al., 2016; Chavan et al.,
2017; Rey-Mermet et al., 2018; Simonet et al., 2019), whether
specific IC brain regions support different response effectors
remains unknown.
To date, the neural mechanisms underlying manual and
oculomotor inhibition have been widely studied with a
range of different tasks and neuroimaging methods, such
as electroencephalogram (EEG), functional magnetic resonance,
or magnetoencephalography. However, only one study has
previously compared manual and oculomotor response
inhibition within the same task (Leung and Cai, 2007).
Interestingly, the authors found some overlapping activations
within the ventrolateral prefrontal cortex but also more
specific processes supporting manual and oculomotor response
inhibition. To further investigate the inhibition processes
supporting both motor responses, we decided to design another
inhibitory task with the same two response effectors: the
hand and the eyes. Our experimental protocol thus combined
two Go/NoGo tasks and electrical neuroimaging methods to
disentangle the domain-general IC processes and understand
their subcomponents and specificities. Most of the studies
investigating the neural networks underlying IC have used
either one response effector in one IC task (Manuel et al., 2013;
Hartmann et al., 2016; Chavan et al., 2017), one response effector
in a set of different IC tasks (Enge et al., 2014; Maraver et al.,
2016), or two response effectors (manual and oculomotor) in
two different IC tasks (Connolly et al., 2000; Chikazoe et al.,
2007), or they have merged different tasks into one single IC task
(Enriquez-Geppert et al., 2010; Scharinger et al., 2015; Simonet
et al., 2019). However, there are only a few direct comparisons
between manual and oculomotor response effectors within the
same task (Leung and Cai, 2007). To the best of our knowledge,
this study is the first attempt to investigate the neural processes
underlying manual inhibition and oculomotor inhibition with
the same Go/NoGo paradigm.
Regarding the timing and localization of IC processes,
previous works investigating IC processes using
electroencephalography (EEG), have revealed neural correlates
of inhibitory mechanisms over fronto-central sites in the
N2/P3 complex. This complex includes early (N2: 200–300 ms)
and late (P3: 300–500 ms) phases of inhibition processes (Kok
et al., 2004; Smith et al., 2006; Vuillier et al., 2016). In studies
using Go/NoGo tasks with manual responses, these processes
have been principally located within the right inferior frontal
cortex, the pre-supplementary motor area, and anterior cingulate
(Bokura et al., 2001; Aron et al., 2014; Baumeister et al., 2014;
Sallard et al., 2014; Chavan et al., 2015; Hartmann et al., 2016),
and the left lateral and medial prefrontal regions (Rubia et al.,
2001; Swick et al., 2008; Simonet et al., 2019). For oculomotor
inhibition, studies using anti-saccade tasks mainly localized
inhibition processes in the anterior cingulate cortex, the inferior
frontal cortex, the pre-supplementary motor area, the frontal
eye field, and regions in the inferior and superior parietal cortex
(Heinen et al., 2006; Chikazoe et al., 2007; McDowell et al.,
2008; Neggers et al., 2012; Jamadar et al., 2013; Herweg et al.,
2014; Talanow et al., 2018). Finally, beyond the diversity of
the task paradigms presented in the literature, the diversity of
the methods used to analyze the data [event-related potential
(ERP) analyses, frequency-domain EEG analyses, and microstate
analyses, among others] requires caution when predicting the
brain regions involved in specific IC tasks.
In the present study, we examined the IC mechanisms
supporting manual and oculomotor modalities in the same
IC task. Participants performed a Go/NoGo task with two
different response effectors: the index finger for the Go/NoGo
manual modality and the eyes for the Go/NoGo oculomotor
modality. Brain dynamics were explored by recording EEG
during task execution. To investigate the entire time course
of inhibition processes, we performed time-wise topographic
analyses and electrical source estimations when participants
had to withhold their motor response. Capitalizing on previous
findings (Smith et al., 2006; Hartmann et al., 2016; Vuillier
et al., 2016), we hypothesize that the expected topographical
differences between the two response effectors would appear
in the N2/P3 complex between 200 and 400 ms. Regarding
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the source estimation analyses, we expect to find differences
in the ventrolateral prefrontal cortex (Buchsbaum et al., 2005;
Leung and Cai, 2007) and inferior and superior parietal regions
(McDowell et al., 2008; Herweg et al., 2014). As complementary
EEG analyses and to provide insight into the specific brain
regions activated in the Go condition, we will compute the same
analyses for the Go condition and the NoGo condition. Since
our participants responded with the right hand, we expect to
find specific activation in the left sensorimotor and premotor
cortices in the manual modality compared to the oculomotor
modality (Witt et al., 2008; Olman et al., 2012). Furthermore,
we assumed that the frontal eye field would be more involved
in the oculomotor modality than the manual modality, as
this region is commonly known to control voluntary saccades
(Vernet et al., 2014).
MATERIALS AND METHODS
Participants
We included 25, right-handed healthy adults in this study based
on previous EEG literature on IC and literature performing
identical EEG analyses (Egenolf et al., 2013; Hartmann et al.,
2016, 2019). The participants reported normal or corrected-
to-normal vision and no history of neurological or psychiatric
disease. Six participants were excluded from the analyses due
to a bad EEG signal (n = 5) or misunderstanding of the tasks’
instructions (n = 1). Nineteen participants (4 females; 15 males;
mean age ± SD = 25.5 ± 3) were included in the analyses.
The experimental protocol was approved by the Cantonal Ethics
Committee for Human Research (Vaud, Switzerland; protocol
N◦ 419/15).
Experimental Procedure
Participants were seated in a dark, quiet room facing a
computer screen (Dell, 1707FPt 17′′ Flat Panel Monitor, TX,
USA) placed 50 cm from their eyes. They completed two
Go/NoGo tasks involving a manual and an oculomotor modality.
The two tasks were randomly performed one after another
to avoid confusion between the instructions so that half of
the participants performed the manual Go/NoGo task first
and then the oculomotor Go/NoGo task, and half of the
participants performed the oculomotor Go/NoGo task first and
then the manual Go/NoGo task. Stimulus delivery was controlled
using E-Prime 2.0 software (Psychology Software Tools Inc.,
Sharpsburg, PA, USA).
The manual Go/NoGo task required participants to press,
as fast as possible, a QWERTY keyboard’s spacebar with their
right index finger when Go stimuli appeared while suppressing
their motor response to NoGo stimuli. The response time (RT)
was automatically recorded by the E-prime 2.0 software. A trial
started with an empty white circle displayed centrally on a black
screen for 500 ms. Then, a cross in a circle (the NoGo stimulus)
or a filled circle (the Go stimulus) appeared in random order
for 1,000 ms. The next trial started after a time interval ranging
from 1,500 to 2,000 ms (see Figure 1 for the paradigm for the
Go/NoGo tasks). In total, participants performed five blocks of
60 trials each, with a stimulus probability of 0.3 and 0.7 for
the NoGo and Go stimuli, respectively (210 Go and 90 NoGo
stimuli in total). Before the experimental session, participants
completed a ‘‘calibration’’ phase of 20 trials (13 Go, 7 NoGo) to
estimate their average RT to Go stimuli (for a similar procedure,
see Simonet et al., 2019). An RT threshold, corresponding
to 90% of the mean RT of the calibration phase, was then
computed. During the five experimental blocks, a feedback
‘‘faster’’ was displayed on the screen when the participant’s
RT was above the RT threshold. This feedback was presented
to encourage participants to respond faster. IC performance
was indexed by the RT to Go stimuli and the percentage
of errors to NoGo stimuli (false alarms, FA). RTs <100 ms
and >2 standard deviations of the individual’s mean RT were
excluded from the analysis.
For the oculomotor Go/NoGo task, the task paradigm
(i.e., number of trials, the ratio of Go/NoGo trials, time course of
the experiment, etc.) was the same as the manual Go/NoGo task.
To assess the oculomotor response, participants were required
to make a volitional saccade towards the right target (a vertical
white stick) as quickly as possible and return to the center of
the screen each time a Go stimulus appeared while staring at
the center of the screen when NoGo stimuli appeared. Note that
white sticks also appeared in the manual Go/NoGo task to ensure
it was the same visual environment. Two electrodes placed on
the temples close to the eyes were used to record the horizontal
eye movements, and the RT was computed via these two
electrodes. For each participant in the Go condition, we averaged
the peak values of the signal (in µV) when the eyes reached
the target on the right and then calculated a threshold that
represented 30% of this peak’s average. We considered the time
delay between stimulus onset and this threshold corresponded
to the oculomotor RT. In NoGo trials, a saccade exceeding this
threshold was considered an error.
Behavioral Analyses
Mean RTs and FA rates obtained from the execution of
the manual and oculomotor Go/NoGo tasks are presented
without statistical comparison as the method to extract these
variables was not consistent between the two response effectors.
However, to demonstrate the within-subject association between
the manual and oculomotor modalities, we performed Pearson
correlation analyses with the manual and oculomotor RT and the
manual and oculomotor FA rate. Statistical significance was set
at p < 0.05.
EEG Recording and Preprocessing
EEG data were recorded with a 64-channel Biosemi ActiveTwo
amplifier system (Biosemi, Amsterdam, Netherlands) at a
sampling rate of 2,048 Hz and processed using Brain Vision
Analyzer (Version 2.0.1.391; Brain Products, Munich, Germany).
Data were combined with stimulus delivery using E-prime
2.0 and automatically synchronized with markers in the
continuous EEG file.
After 512 Hz downsampling and filtering (0.31–40 Hz
bandpass), eye movement artifacts were corrected using
independent component analysis (ICA; Cardoso, 1998).
Electrodes containing artifacts were interpolated using 3D
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FIGURE 1 | The paradigm for the Go/NoGo tasks. Go trials and NoGo trials were the same in the manual and oculomotor modality.
splines (Perrin et al., 1987) leading to an average of 4.5%
of interpolated electrodes across all participants (SD = 3.0;
max = 9.4%, min = 0%). ERPs were segmented from 100 ms
pre-stimulus to 400 ms post-stimulus onset separately for
successful Go and NoGo trials. After segmentation, the epochs
were cleaned by applying a semiautomatic procedure using a
±80 µV artifact rejection criterion and by visually inspecting
the signal epoch-by-epoch. We manually removed the epochs
containing eye blinks or motor artifacts. Go and NoGo epochs
were averaged separately. In total, the average number of
accepted epochs ± standard deviation was 195.3 ± 14.6 for
manual Go (mean: 7.0% rejection), 71.6 ± 12.6 for manual
NoGo (mean: 19.7% rejection), 201.8 ± 14.2 for oculomotor Go
(mean: 3.9% rejection), and 69.1 ± 10.1 for oculomotor NoGo
(mean: 23.2% rejection) trials. The data were finally recalculated
to an average reference. No baseline correction was applied.
EEG Analyses
Tests of Topographic Consistency Between Subjects
We first assessed the topographic consistency of the ERPs
of each response effector to identify periods with consistent
patterns of source activity across subjects. This process was
done using the topographic consistency test (TCT), which helps
identify periods where there is evidence of a consistent relation
between an event and the underlying brain source generators.
This test was necessary to avoid false conclusions resulting
from an incorrect selection of time windows of interest (Koenig
and Melie-García, 2010). The TCT was implemented using
the open-source software, RAGU (Randomization Graphical
User interface; Koenig et al., 2011) in MATLAB1. We applied
a TCT to the ERPs of each response effector (i.e., manual
and oculomotor) over this time interval to check whether
this period showed a consistent pattern of active sources
across subjects (Koenig and Melie-García, 2010). The TCT was
computed with 10,000 randomization runs and a p threshold
of 0.01. To control for multiple testing, we performed a global
duration statistics test and considered only continuous periods of
significance (Koenig and Melie-García, 2010; Habermann et al.,
2018). This process was used to test whether the pattern of a
significant period exceeded chance (for a detailed procedure,
see Ruggeri et al., 2019).
Topographic Differences Analyses
To identify the periods of significant topographic differences
between conditions (Strik et al., 1998; Murray et al., 2008;
Michel et al., 2009), we performed a topographic analysis of
variance (TANOVA) from −100 ms to 400 ms post-stimulus
1http://www.mathworks.com/
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onset with the open-source software, RAGU, inMATLAB. Using
a nonparametric randomization test, this analysis assesses global
dissimilarities in the whole electric field between conditions at
each time point.
The TANOVA was computed on amplitude-normalized
maps [Global field power (GFP) = 1] to obtain results that
are independent of global field strength. We performed this
normalization because we were interested in the significant
spatial differences between the response effectors (i.e., manual
and oculomotor) and not in the differences in strength
of similar source distributions between the effectors. The
two response effectors were compared for the Go and
NoGo conditions separately. The analyses were computed
at each time point, with 10,000 randomization runs and
a p threshold of 0.01. To control for multiple tests, we
performed the global duration statistics test and considered
only continuous periods of significance (Koenig and Melie-
García, 2010; Koenig et al., 2011; Habermann et al., 2018).
This process was used to test whether the differences in a
significant period exceeded chance. After observing periods
of interest (POI) above the duration threshold, a post hoc
channel-wise t-test (t-maps) enabled further investigation
of the topographic distribution of the observed differences
between the manual and oculomotor modalities in the Go and
NoGo conditions.
Electrical Source Estimations
Electrical source estimations were performed using the
sLORETA method (Pascual-Marqui, 1999, 2002). sLORETA
is a linear inverse imaging method that is calculated by
standardizing a minimal norm inverse solution by source
variance and measurement noise (see Pascual-Marqui, 2002
for further details). The sLORETA solution space is made
of 6,239 voxels and has a 5-mm spatial resolution and is
restricted to the gray matter of cortical and hippocampal
regions. To identify differences in the pattern of active cortical
sources responsible for the topographic differences observed
between the response effectors in both the Go and NoGo
conditions, normalized ERPs (i.e., GFP = 1) were averaged
over the POI identified with the TANOVA analyses before
source localization. The resulting current source density data
were compared between the response effectors in the Go
and the NoGo conditions using nonparametric voxel-wise
t-tests with 10,000 permutations. This procedure determined
the critical probability threshold (p < 0.05, one-tailed) for
the observed t-values with correction for multiple tests. All
source estimations were performed with a signal-to-noise ratio
of 100.
RESULTS
Behavioral Data
The Pearson correlation analyses revealed a significant positive
correlation between the manual and the oculomotor modalities
for the RTs [manual: 281 ± 22.8 ms (mean ± SD); oculomotor:
243 ± 36.2 ms; r = 0.560, p = 0.007] but not the FA rates
(manual: 17 ± 12.6%; oculomotor: 20 ± 10.6%; r = 0.139,
p = 0.570; Figure 2).
Electrical Neuroimaging Results
TCT
The TCT was applied to the preprocessed ERPs computed from
−100 ms before the onset of the stimulus to 400 ms after. The
test showed significant and consistent topographies across the
subjects within this time interval corroborated by a significant
global duration test. The TANOVA analysis was thus performed
between−100 and 400 ms.
FIGURE 2 | Correlation analyses between the manual and oculomotor RTs in ms (A) and between the manual and the oculomotor FA in percentage (B). Linear
regression lines, p-values, and Pearson correlation coefficients are represented. RT, response time; ms, milliseconds; FA, false alarm.
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Topographic Analyses
Differences in ERP topography between the manual and
oculomotor modalities for the Go and NoGo conditions were
examined using TANOVA analysis. For the NoGo condition, the
TANOVA revealed significant topographic differences between
the manual and oculomotor modalities between 250 and 325 ms
post-stimulus onset (Figure 3A). In the Go condition, the
TANOVA revealed significant topographic differences between
the manual and oculomotor modalities between 235 and 345 ms
post-stimulus onset (Figure 4A). The topographies of the two
response effectors are displayed for the Go and NoGo conditions
in Figures 3B, 4B, respectively.
To quantify these topographic effects, t-map contrasts were
computed between topographies in the manual and oculomotor
modalities from the periods with significant differences in the Go
and NoGo conditions. In the NoGo condition (Figure 3B, gray
frame), these contrasts revealed that the manual modality was
characterized by a more positive potential over central electrodes
and a more negative potential over occipital and left frontal
electrodes (tmax = 7.078 at electrode CP1; tmin = −5.677 at
electrode F5). In the Go condition (Figure 4B), the manual
modality was characterized by a more positive potential over
Centro-occipital electrodes (tmax = 6.863 at electrode P2;
tmin =−4.726 at electrode Fz).
FIGURE 3 | Topographic analysis of variance (TANOVA), averaged topographies, t-maps, and sLORETA analyses for the contrast between the manual and
oculomotor modality for the NoGo condition. (A) The curve represents the p-values of the TANOVA plotted for each time point from 0 to 400 ms post-stimulus onset.
The period of significant topographic differences is highlighted in gray. (B) Mean event-related potential (ERP) topographies were computed for the manual and
oculomotor modalities separately over 50-ms time intervals. The topographies were normalized [Global field power (GFP) = 1]. Red represents positive potential
values, whereas blue represents negative potential values. The t-map contrasting the manual and oculomotor modality is shown for the periods of interest (POI).
Positive (in red) and negative (in blue) t-values indicate more positive and more negative potentials in the manual condition than in the oculomotor modality,
respectively. (C) Voxel-wise t-values comparing the sLORETA source density between the oculomotor and the manual modality during the POI. Clusters of voxels
located in the precuneus (BA 7, 31) showed increased activation in the oculomotor modality compared to the manual modality. All voxels reaching significance
(p > 0.05, corrected for multiple comparison t > 4.07) are highlighted in yellow.
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FIGURE 4 | TANOVA, averaged topographies, t-maps, and sLORETA analyses for the contrast between the manual and oculomotor modality for the Go condition.
(A) The curve represents the p-values of the TANOVA plotted for each time point from 0 to 400 ms post-stimulus onset. The period of significant topographic
differences is highlighted in gray. (B) Mean ERP topographies were computed for the manual and the oculomotor modalities separately over 50-ms time intervals.
The topographies were normalized (GFP = 1). Red represents positive potential values, whereas blue represents negative potential values. The t-map contrasting the
manual and the oculomotor modality is shown for the POI. Positive (in red) and negative (in blue) t-values indicate more positive and more negative potentials in the
manual condition than in the oculomotor modality, respectively. (C) Voxel-wise t-values comparing the sLORETA source density between the manual and the
oculomotor modality during the POI. Clusters of voxels located in the postcentral gyrus (BA 1, 2, 3), the precentral gyrus (BA 4, 6), the cingulate gyrus (BA 23, 31),
and the inferior parietal lobule (BA 40) showed increased activation in the manual modality compared to the oculomotor modality. All voxels reaching significance
(p > 0.05, corrected for multiple comparison t > 4.187) are highlighted in red.
Electrical Source Estimations
sLORETA was applied in the periods of significant topographic
differences found with the TANOVA (NoGo: 250–325 ms;
Go: 235–345 ms) to estimate brain regions accounting for
the observed topographic differences between the manual and
oculomotor modalities. For the NoGo condition, the statistical
analysis of normalized data demonstrated that the oculomotor
modality produced higher activity in the left precuneus (parietal
lobe, BAs 7, 31; t > 4.07 for a p< 0.05) than the manual modality
(Figure 3C). The maximal t-value of the cluster (t = 4.26)
was located in the left precuneus (BA 31, Talairach coordinates
x = −15, y = −60, z = 30). For the Go condition, the statistical
analysis of normalized data demonstrated that the manual
modality produced higher activity within the left hemisphere
in the postcentral gyrus (BA 1, 2, 3), the precentral gyrus (BA
4, 6), the cingulate gyrus (BA 23, 31), and the inferior parietal
lobule (BA 40; t > 4.187 for a p < 0.05) compared to the
oculomotor modality (Figure 4C). The maximal t-value of the
cluster (t = 5.77) was located in the postcentral gyrus (BA 3,
Talairach coordinates x =−45, y =−25, z = 65).
DISCUSSION
In this study, we compared the electrophysiological brain
dynamics of manual vs. oculomotor inhibition using the same
Go/NoGo task. Our results revealed greater involvement of
the precuneus with the oculomotor modality compared to the
manual modality at 250–325 ms post-stimulus onset when
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participants had to stop their action. Comparatively, regions
including the postcentral gyrus, the precentral gyrus, the
cingulate gyrus, and the inferior parietal lobule were more
involved with the manual modality compared to the oculomotor
modality at 235–345 ms post-stimulus onset when participants
had to generate an action.
Behaviorally, our correlation analyses demonstrated a
significant relationship between the manual and oculomotor
modalities for RTs but not for the FA rate. According to
previous research, RTs are the most sensitive dependent variable
for measuring IC performance. Several studies have shown a
decrease in RT after minutes or hours of IC training with no
change in the FA rate (Manuel et al., 2013; Chavan et al., 2015;
Hartmann et al., 2016; Simonet et al., 2019). When comparing
with previous literature, our difference between the manual RT
and the oculomotor RT is surprisingly small. First, the stimuli
chosen (a cross in a circle for the NoGo stimulus and a filled
circle for the Go stimulus) are relatively easy to discriminate
compared to other manual Go/NoGo tasks using stimuli such as
letters, different colors, shapes, images, et cetera. This choice of
stimuli would explain the difference of RTs between our study
(281 ms) and most of the studies using manual Go/NoGo tasks
(between 350 and 400 ms). Second, most of the experiments
investigating saccade and prosaccade latencies used eye-tracking
systems that measure very accurate saccade latencies. Since,
we did not use such a system, the oculomotor RTs found in
this study and the saccadic latencies found in other studies
can not be compared. This being said, it is noteworthy that no
statistical comparison was computed between the two effectors
in our study due to the different methods used to record the
RT, the results of our significant positive correlations highlight
a close relation between manual and oculomotor RT and thus
provide evidence of some common inhibition ability across
response effectors.
The timing of our significant differences in the NoGo
trials, occurring between 250 and 325 ms post-stimulus onset,
is consistent with previous literature showing that inhibitory
processes typically occur in the N2/P3 complex, which is
between 200–300 (N2) and 300–500 (P3) after stimulus onset
(Baumeister et al., 2014; Simonet et al., 2019). For instance,
Simonet et al. (2019) combined the Go/NoGo task paradigm
with EEG recordings to define the periods in which IC
processes occur. By computing ERP analyses, the authors
identified these processes between 200 and 250 ms, which
they associated with the detection and resolution of response
conflict. Consistently, our between-effector difference takes place
during the N2 component, which corresponds to the early
phase of inhibition (Bokura et al., 2001; De Pretto et al., 2017;
Simonet et al., 2019). This period has been shown to initiate
inhibition processes (Falkenstein et al., 1999; De Pretto et al.,
2017) and to reflect conflict and interference resolution (Millner
et al., 2012; Gajewski and Falkenstein, 2013; Chmielewski
and Beste, 2017). For the topography, the N2 component
has been associated with frontocentral components reflecting
unexpected stimulus mismatch and cognitive control and with
more posterior scalp distribution that would be dependent
on the response effector used in the task (Folstein and Van
Petten, 2008). Folstein and Van Petten (2008) suggested that
this posterior distribution was likely to be associated with the
oculomotor modality and more generally with visual attention.
This association between posterior N2 and visual attention was
also shown in Senkowski and Herrmann (2002), who linked
posterior N2 with the difficulty of visual discriminative tasks,
and in Bokura et al. (2001), who related NoGo frontocentral
N2 with visual stimulus modality. Our scalp topography results,
i.e., a negative potential over frontal sites in both response
effectors with more positive frontocentral topographies in the
manual modality andmore positive posterior topographies in the
oculomotor modality within the N2 component, corroborated
previous results showing that: (i) inhibitory processes take place
during the N2 period; and (ii) the posterior positive scalp
topographies found with the oculomotor modality would be
related to an enhanced visual demand. Of note, the absence of
differences around P3 could be due to the simple design of our
Go/NoGo task that has led to faster RTs than the RTs found
in previous literature (Hartmann et al., 2016; Simonet et al.,
2019), and therefore, to earlier inhibitory processes. Additionally,
this absence of a difference could be explained by the fact
that we compared only successful NoGo trials because the
inhibitory processes of successful and unsuccessful stop trials
have been shown to differ in time and in their underlying brain
areas (Kok et al., 2004).
The statistical analyses of the brain source estimations
showed that the left precuneus was more activated in
the oculomotor modality than in the manual modality.
The precuneus is a portion of the posteromedial superior
parietal lobe (SPL) and has been demonstrated to be part
of a widespread network comprising associative cortical and
subcortical structures (Cavanna and Trimble, 2006). Globally,
the SPL has been functionally related to visual processing,
visual attentional processes, and visual-spatial shifting (Dehaene
et al., 2003; Cavanna and Trimble, 2006; Molenberghs et al.,
2007). More specifically, the functional role of the precuneus,
albeit complex, has been mainly associated with voluntary
shifting attention for visual stimuli, episodic memory retrieval,
visuospatial imagery, and when directing spatial attention during
task execution, especially if two limbs are coordinated towards a
unique trajectory (Lundstrom et al., 2005;Wenderoth et al., 2005;
Cavanna and Trimble, 2006; Lévesque et al., 2006). Concerning
inhibitory processes, Popov et al. (2018) investigated the brain
network dynamics underlying IC with a color-word Stroop task
and found that the precuneus was a key node within this IC
network (Spielberg et al., 2015) and closely communicated with
the middle and inferior parts of the frontal gyrus. Using a
counting Stroop task, Fan et al. (2014) compared neurotypical
children and children with ADHD and found less activation in
the left SPL in ADHD children. They assumed that this decreased
activation was linked to impaired visual processing. Additionally,
the authors showed a positive correlation between the activation
of the left SPL and the percentage of correct responses in a
test of visual pattern recognition memory, which they related
to better visual processing in neurotypical children. In the same
vein, increasing activation of the left precuneus is correlated
with the latency to a correct response in a visual processing task
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(Fan et al., 2017). Altogether, these results highlight the
link between activation of the left precuneus and behavioral
performance in visual processing tasks.
Given that our analysis performed at the scalp and source-
level showed differences in the underlying distribution of
source generators between the response effectors (without a
specific difference in the GFP), we suggest that while similar
regions are supporting both manual and oculomotor response
inhibition (Leung and Cai, 2007), the precuneus is the region
that would specifically support the oculomotor modality in
our two Go/NoGo tasks, and this stronger activation could
account for the increased demand on visual attentional processes.
Nevertheless, since it has been shown that inhibiting saccades
in the context of manual responses is resource-demanding
(Huestegge and Koch, 2014), we could not exclude the
possibility that the precuneus would be involved in a task
requiring more inhibition. Futures studies should implement
experimental protocols that modulate the inhibitory load in
different Go/NoGo tasks to define the role of the precuneus in
oculomotor inhibition more precisely.
For the Go condition, a first qualitative assessment of
the topographic maps averaged within the time window that
included the mean manual RT (i.e., 235–345 ms post-stimulus
onset) corroborated previous findings showing a posterior
positivity moving towards the anterior right direction (Schiller
et al., 2016; Ruggeri et al., 2019). Moreover, the source
estimation contrasts revealed differences in left-lateralized
regions, including the postcentral gyrus, the precentral gyrus,
the cingulate gyrus, and the inferior parietal lobule. Since
participants were required to respond with their right index
finger, finding activation within left-lateralized regions is
coherent with previous literature showing activation in
contralateral sensorimotor cortices, premotor cortex, and
inferior parietal cortices when performing finger tapping tasks
(Witt et al., 2008; Olman et al., 2012). This coherence highlights
the accuracy and robustness of our methods, and therefore, of
the results presented for the NoGo condition.
While we highlighted the scalp topographies and the regions
that would specifically support the oculomotor modality
compared to the manual modality, the need to better disentangle
the neural correlates underlying motor IC when using different
response effectors within the same task paradigm calls for
further investigations. Also, it would be interesting to assess
manual and oculomotor inhibition with other inhibition
tasks, such as the Eriksen Flanker task or the stop-signal task.
Comparing the manual vs. oculomotor modalities in different
inhibition tasks would provide further evidence of whether
the precuneus generally supports oculomotor inhibition. We
recommend that researchers seek to separately manipulate the
specific subcomponents of this domain-general IC network
using different response effectors in different IC tasks to
implement practice-based research protocols at a later stage.
Finally, because the white sticks appeared in the oculomotor
condition and in the manual condition, one might wonder
whether the eyes would have been attracted by this visual
stimulus in the manual condition and thereby would have
moved in the direction of the white sticks. If so, the manual
condition could be considered as a dual-response condition.
In the future and due to the possibility of dual-response
phenomena, it would be interesting to capture eye movements
with a high-resolution eye tracker. Beyond its fundamental
relevance in the field of cognitive neuroscience, using the
oculomotor effector represents a suitable motor effector to
evaluate IC and to activate this IC network among patients with
upper-limb motor disabilities (Bissett et al., 2015; Federico and
Perez, 2017; Ganos et al., 2018; Lucci et al., 2019). The benefits
of enhancing motor control in more global interventions
that combine exercises with Go and NoGo situations
are unknown.
Our electrical neuroimaging analyses have provided novel
evidence concerning the brain regions differentially involved in
manual and oculomotor response inhibition. The two strengths
of this study lie in: (i) the implementation of a unique Go/NoGo
task performed with two motor response effectors; and (ii) the
computation of advanced EEG statistical analyses. Regarding
the experimental design, only one study has been previously
conducted with one unique inhibition task, a stop-signal task,
performed with two motor effectors and accompanied by
neuroimaging methods (Leung and Cai, 2007). Consistent with
our results, this study presented evidence of partially separated
IC processes supporting the hand motor and oculomotor
inhibitory systems.
In summary, using the same Go/NoGo task with two response
effectors, we showed for the first time that the left precuneus
was more involved in the oculomotor modality than in the
manual modality. The increased demand for visual attentional
processes in the oculomotor Go/NoGo task would explain the
stronger activation in this specific region of the SPL. Beyond
its methodological rigor, this study framed some important
mechanisms that are essential for better understanding the
neural processes underlying IC. Overall, while similar domain-
general IC mechanisms would be engaged across a wide variety
of IC tasks and response modalities (Spierer et al., 2013;
Simonet et al., 2019), there are specific regions or subregions
of this domain-general IC network that would support specific
response effectors.
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